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Abstract 
Works of hydrologic model development at the preliminary stage, e.g., determination of flow direction and the order 
of flow concentration, extraction of drainage network, and spatial interpolation, are very important. In this paper, a 
preprocessing program is developed with multiple functions for data preparation in hydrologic model. The method in 
graph theory is used to determine the flow direction, and filling of sink is avoided in this study. A new method, the 
so-called leaf clipping method, is proposed for watershed division, and the order of runoff concentration is 
determined according to the flow direction and DEM data. This preprocessing program is developed by using Visual 
Basic language, detailed algorithms are presented and the program is demonstrated through a case study in the Wei 
River basin. It shows that this program is useful and helpful for the application of hydrologic models which only 
needs digital elevation data sets. 
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1. Introduction 
Delineation of drainage network for catchments is very important for partitioning sub-basin and the 
application of a distributed hydrologic model. Many available algorithms automatically extract river 
network segments and associated sub-basins from a digital elevation model (DEM)[1]. DEM is a type of 
spatial data set, which reflects topography of a river basin. DEM, one of available types of spatially 
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distributed environmental data, is commonly used today for the river information extraction [2-4]. For 
example, an automatically method to delineating drainage and watersheds from DEM was used for 
terrains with low vertical DEM resolution[5]. Other methods such as Morphological approach were also 
used to extract ridge and valley connectivity networks from DEM [6]. 
Specifying flow direction correctly is the basis to determine the drainage structure of a watershed. 
Many studies show that the fast and easy way to determine flow direction of a river basin is using 
different procedure to extract the information from DEM automatically. Three algorithms are generally 
used. D8 method, the earliest and simplest method for specifying flow direction, was proposed by 
O'Callaghan and Mark and has been widely used [7-16]. This method is to assign flow from each pixel to 
one of its eight neighbors by identifying the direction with steepest downward slope. Limitation of D8 
approach is arising from the discretization of flow into only one of eight possible directions, separated by 
45° [17-18].  
Multiple flow direction methods have been suggested to overcome the limitations of D8 [18-19]. 
However, the disadvantage of multiple flow direction algorithm proposed by Quinn is that the area from 
one cell is routed to all downslope cells and dispersed to a large degree even for convergent hillslopes[18]. 
Although some researcher tried to reduce this dispersion, there are still many problems when using 
multiple flow direction routing algorithm to estimate the flow of substances [20]. 
D∞ method was termed by Taboton in order to overcome the limitation of D8 method in single flow 
direction algorithms. This method describes infinite possible single-direction flow pathways and allows 
area to flow into one or two downslope cells depending on direction. Lea develops the algorithm that uses 
the aspect associated with each pixel to specify flow directions, and Costa-Cabral and Burges present an 
elaborate set of procedures named DEMON that extend the ideas of Lea [21-22]. But it is too complex 
and case specific to be implemented for most applications[23] . 
In this study, a preprocessing program developed by using Visual Basic language with multiple 
functions is used for flow direction determination, river networks extraction, subbasin division and so on. 
The advances of this program are follows as: (1) In order to avoid sink filling, a bottom-up algorithm, 
which is based on graph theory, is used to determine flow direction, (2) a new method (leaf clipping 
method) for watershed division is proposed, and (3) specify the order of runoff concentration according to 
flow direction and flow accumulation. Finally, the suitability of the program is demonstrated with a case 
study in the Wei River basin. 
 
2. Materials and methods 
2.1. Study area and data preparation 
 Study area 
Wei River, description with 818 km of length in west-central region of China is the largest tributary of 
the Yellow River. It originates from the mountains of southern Gansu Province and passes through 502 
km in Shaanxi Province, which is navigable for 130 km from the vicinity of Xi'an of Shaanxi province to 
where it joins the Yellow River. The Wei River basin (134,800 km2) is located between 104-110°E 
longitude and 33–37°N latitude. It is asymmetric and distributed as fan-shaped. The terrain of river basin 
is high in western area and low in eastern area, river valley is broadened and terrain slopes become gently 
from west to east (Fig.1). Wei River basin can be divided into two parts by topography: one is the hilly 
area of Loess Plateau; another is the central Shaanxi plain. It is located in the transitional zone of drought 
areas and wet areas, which has a much drier and somewhat colder climate. The annual mean temperature 
is approximately 14 ℃, and annual mean precipitation is approximately 572 mm. Rainfall is generally 
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deficient in spring and early summer, most falling between July and October with a sharp peak in 
September and October.  
 
Fig.1 DEM of the Wei River basin 
  Data preparation 
A digital elevation model (DEM) of the Wei River basin was obtained from the National Fundamental 
Geographic Database (NFGD) with 500 m×500 m horizontal resolution. Due to the requirement of 
preprocessing program, only ASCII file format of DEM is satisfied. The raster dataset of DEM is 
converted to ASCII file format, which can be exported from ArcGIS.  
2.2. Program description 
The preprocessing program is written by using Visual Basic language, which allows programmers to 
create simple GUI applications and develop complex applications [24]. This program is not only a green 
software, but also contact surface presence in figures and diagrams. 
Similar with the hydrologic tool in ArcGIS, the Preprocessing Program has various functions such as 
determination of flow direction, flow accumulation calculation, drainage extraction and so on (Fig.2). 
However, the advantage of this software is that filling sink is avoided by using a new method to 
determine the flow direction, which is based on graph theory. Leaf clipping method, a new method to 
divide the watershed according to flow accumulation matrix, is used. Drainage can be extracted by 
different threshold of flow accumulation and the runoff concentration order is determined from flow 
direction and DEM. Main functions of this program are described as follows. 
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Fig.2 The interface of preprocessing program for hydrologic model 
  Flow Direction  
Flow directions based on Digital Elevation Models (DEMs) are needed in hydrology to determine the 
paths of water, sediment and contaminant movement [23]. Ye and Xia proposed a new method to 
determine the flow direction by searching upward from the outlet of river basin, which is based on the 
idea of combining the graphic theory with hydrology [25]. The river network generated by this method is 
continuous and sizes of the delineated subbasin are homogeneous. In order to avoid sink-filling problem, 
this method is integrated into the preprocessing program to determine flow direction. There are six steps 
as follows:  
(1) Establish two stacks (Stack I and Stack II) at first. Set Stack I to store the number of grid with flow 
direction. Set Stack II to store the number of grid neighbouring grid of Stack I without flow direction. 
(2) Define outlet of the catchment, and put outlet grid in Stack I.  
(3) Neighbour grids of Stack I, whose flow direction is undefined, will be selected and put in Stack II.  
(4) Flow direction of grid from Stack II (named J) will be determined by calculating the maximum 
difference of elevation to its neighbour grids. If the maximum difference of elevation is between J and a 
neighbour grid from Stack I, the flow direction of J will be determined and then put J in Stack I. 
Recalculate the size of Stack I and Stack II following step (3). 
(5) If the size of Stack I and Stack II is without any change, then select the grid which has the lowest 
elevation of Stack II (named M) and calculate the elevation difference between M and its neighbouring 
grid. Find out the neighbouring grid of M (named N) with maximum difference of elevation. Set the flow 
direction from M to N, and put M in Stack I.  
(6) Repeat steps (4) and (5) until Stack II is empty.  
The flow diagram is shown as follows (Fig.3): 
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Load DEM  
Define outlet of the 
watershed 
Put the grid which already have flow 
direction in Stack I 
Calculate the maximum 
difference between grid from 
Stack II and its neighboring grids 
Flow direction for neighbouring 
grids is undefined? 
Flow direction was from 
grids in Stack II to the grids 
in Stack I? 
Select the grid with the lowest elevation from 
Stack II and define its flow direction to the 
maximum different neighboring grids 
Put these grids into 
Stack II 
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No 
Yes 
Yes 
No 
No 
End 
Fig.3 Flow diagram for the identification of flow direction 
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 Flow accumulation 
Flow accumulation matrix implies the amount of water accumulation in each grid of the catchment. 
According to the natural laws of water movement, the flow accumulation matrix can be calculated by 
flow direction matrix. Fig.4 (a) is a DEM map and NULL means that elevation data does not exist. Flow 
direction matrix may be obtained on the basis of the flow direction calculated by preprocessing program. 
Similar with flow accumulation Tools in ArcGIS, flow accumulation estimates accumulated flow as the 
accumulated weight of all grids flowing into each downslope grid according to flow direction. Default 
weight of each grid is 1 in the process, so the flow accumulation for outlet grid is the total number of 
grids (see Fig.4 (b)). 
 
      
      (a)                                            (b) 
Fig.4 Example of DEM matrix and flow accumulation matrix 
 River Network Extraction 
Automatic extraction of the channel drainage network from DEM has been widely used [26-27]. 
However, depressions in DEM data are the major obstacle to determine channel drainage network. Some 
researchers have tried by using depression filling method to avoid this problem [10, 14-15, 28]. But 
depression filling method is complex and sometimes may change the real elevation data when the DEM 
contains a lot of random noise. An algorithm named ―burn-in‖ is performed in river network extraction 
[29]. This method needs the digital river line graphs and burns it into the DEM. Actually, this is often 
difficult to get. 
It is assumed that only DEM data is available in this study. At the preliminary stage of flow direction 
determination and flow accumulation calculation, river network will be extracted by a threshold of flow 
accumulation. Specified threshold represents the smallest catchment area of the river basin. Then river 
network can be extracted by connecting the grid whose flow accumulation is above this threshold. When 
the threshold is reduced, the river network will become very dense accordingly. 
 Subbasin Division 
Subbasin is part of watershed, which also contain smaller watersheds. Each subbasin represents a 
hydrologic unit that is homogeneous. Divided subbasin mainly based on study purpose and degree of 
heterogeneity. After river network is extracted, subbasin can be delineated by giving a specified threshold 
of flow accumulation. 
In this study, a new method- leaf clipping method for watershed division is developed. It can divide 
the subbasin very fast in any size. The process is just like picking leaves from tree. The subbasin is 
delineated from catchment one by one, and therefore is called leaf clipping method. 
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The process of subbasin division includes five steps:  
(1) Set a threshold of flow accumulation for subbasin division, similar with the river network 
extraction. 
(2) When threshold is given, estimate how many subbasins can be generated. 
(3) Put the grids whose flow accumulate are smaller than threshold together as one subbasin, and cut 
this subbasin from the watershed. Recalculate the flow accumulate of the catchment.  
(4) Repeat step (3) until the whole catchment is divided into subbasins. 
The flow diagram is shown as follows (Fig 5): 
 
Fig.5 Flow diagram of leaf clipping method for watershed division 
 Identification of runoff order 
For the purpose of hydrologic simulation, runoff order is identified not only by the flow direction but 
also the relationship between each grid. The procedure is shown as follows:  
(1) Calculated the distance to the outlet of each grid. The grid with the longest distance will be defined 
as the first grid for runoff concentration. 
Set threshold 
Calculate the number of 
subbasin to be divided 
Put grids whose flow accumulation is smaller 
than threshold together as one subbasin 
 
End 
Is whole catchment 
divided? 
Cut this subbasin from 
the catchment 
Yes 
No 
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(2) Set grid which is directed by the first grid according to flow direction as the current grid (named P), 
and cut the first grid from the catchment.  
(3) If P is a single node grid, which is directed by no grid. Then the calculation order of P is second. 
Otherwise, select backward by the flow direction of P to find a single node grid, cut P out of the 
catchment and set the single node grid as P, repeat step (3). 
(4) If no single node grid can be selected by flow direction of P, then set P as the next order of runoff 
concentration, and set the grid which is directed by P as P. Return to step (3). 
(5) Finally, all grids in the catchment will be simulated. 
An example is given to illustrate the process (See Fig6). In Fig.6, grid 1 is the first grid for runoff 
concentration, grid 5 is outlet of the watershed, and all grids are single node except grid 3, 5 and 6. The 
order of runoff concentration in Fig.6 is: ①→②→④→③→⑦→⑧→⑥→⑨→⑤ 
Fig.6 Example for the identification of runoff concentration order 
3.  Results analysis and discussion 
A case study in the Wei River basin is used to test the performance of preprocessing program. The 
method is capable to extract a fully connected and hierarchically structured drainage network taking into 
account the variability in topographical features. A grid nearby Huayin County of Shaanxi Province 
(110°5′24″, 34°34′48″) is set as the outlet of the Wei River, which is basically consistent with 
the actual situation. As the basic steps of river network extraction, flow direction and flow accumulation 
were executed at first, flow length and runoff concentration order were then calculated, and finally the 
drainage networks were extracted and subbasin was divided from the watershed. In order to evaluate the 
performance of the program, only the result of drainage network and subbasin are presented in this paper. 
3.1.  Drainage networks 
The preprocessing program has been used to extract drainage networks from DEM data after flow 
direction is determined and flow accumulation is calculated in the Wei River basin. Actual drainage 
networks are given by RESDC (Data Centre for Resources and Environmental Sciences, Chinese 
Academy of Sciences), which is derived from the national digital river network (see Fig.7 (a)). Drainage 
1 
2 
3 
4 
7 
6 8 
5 
9 
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networks extracted with sink filling by ArcGIS are also given in Fig.7 (b). It can be seen that there is a 
difference between Fig.7 (a) and (b), and drainage density in Fig.7 (b) is denser than actual drainage 
density obviously. Although the main river system of the Wei River basin is identifiable in Fig.7 (b), a 
tributary near the outlet of catchment is not connected to the main stream. Some channels appear in actual 
drainage networks but not in Fig.7 (b). Clearly, manual correction will be very likely be required with the 
extracted networks by ArcGIS.  
In order to compare the difference among drainage networks with different specified thresholds, 4000 
grids (1000 km2) and 1000 grids (250 km2) are given as the threshold of flow accumulation for drainage 
extraction. Fig.7 (c) and (d) are drainage networks extracted by preprocessing program with different 
threshold, and presents the drainage density derived from DEM by using specified algorithm. This 
comparison provided a more realistic measure of the spatial discrepancy between the drainage networks 
extracted by different threshold in the study area. It means that threshold of flow accumulation is a critical 
value to drainage networks extraction. It must be selected very carefully according to experiences and 
actual situation. 
Drainage densities calculated with 4000 grids (1000 km2) of threshold and real river network are 
comparable. 14 main tributaries in the Wei River basin are identified both in Fig.7 (a) and (c), and the 
flow accumulation is greater than 1000km2. Drainage networks extracted with 1000 grids (250km2) is 
similar with the river networks extracted by ArcGIS. Main difference is that the major tributary near the 
outlet of catchment is connected to the main stream in Fig.7 (c) and (d). There are also some differences 
between the generated drainage networks and real drainage networks, which is more obviously in the flat 
area. Depending on the quality and resolution of DEM data, the difference of drainage density between 
Fig.7 (a) and (c) is generally negligible.  
In general, the extraction of actual network from DEM data can be achieved by using this 
preprocessing program with a suitable threshold value, which can be defined on the basis of prior 
knowledge or relevant information in the study area. Discontinuous drainage network can be avoided 
when drainage networks are extracted from plain area or depressions area. 
 
  
(a)                                                                                        (b) 
775L. Li and Z.X. Xu / Procedia Environmental Sciences 13 (2012) 766 – 777802 L. Li et al./ Procedia Environmental Sciences 8 (2011) 793–804 
 
  
(c)                                                                                 (d) 
Fig.7 Drainage networks in the Wei river basin: (a) actual drainage networks; (b) drainage networks extracted by ArcGIS; (c) and (d) 
are drainage networks extracted by preprocessing program according to 4000 and 1000 grids of threshold. 
3.2.  Subbasin 
For most of studies, it is necessary to divide a basin into subbasins to enable development of 
information at locations of interest and to better represent spatially variable runoff characteristics [30]. 
Every subbasin is determined by flow accumulation, which is spatially referenced to each other. Similar 
with the extraction of drainage networks, the threshold is also important to subbasin division. In this study, 
a threshold area is required for the generation of subbasins. It determines the shape and area of each 
subbasin. Consequently, user needs to provide the area of subbasin to be delineated, and a DEM raster 
dataset. If requested, user can choose to produce an excess number of subbasins until the 
satisfactory result is obtained in the final step. The file format of output data in preprocessing program is 
in accordance with ArcGIS, which allows easy analysis of output, including area, volume, average, 
relative and maximum depth and various parameters. 
  
     (a)                                                             (b) 
Fig.8 Subbasins of the Wei River basin: (a) and (b) are subbasins divided by preprocessing program according to 20000 and 5000 
grids of threshold respectively. 
Therefore, threshold selected in this study is based on drainage characteristics of the Wei River basin. 
The whole watershed is divided by 20000 grids (5000 km2) and 5000 grids (1250 km2), respectively 
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(Fig.8 (a) and (b)), and the Wei River basin is divided into 24 and 93 subbasins accordingly. As seen in 
the results, the leaf clipping method can subdivide the watershed into identical area of subbasins. 
Although it might be unsuitable to identify several relevant subbasins within this study, the program 
allows user to import the result to GIS platform and manually joins them together. 
4.  Conclusions 
The methodology presented in this paper enables one to delineate river basins and the automatic 
derivation of drainage networks from DEMs. Preprocessing program show that the method based on 
graph theory is well suited for the determination of flow direction in the Wei River basin, which is an 
important improvement for the extraction of drainage networks to avoid sink filling. After the flow 
accumulation is generated, actual drainage networks can be extracted with none uniform drainage 
densities, which is useful for hydrologic analyses in flat area or depression areas. Leaf clipping method is 
developed in order to divide subbasin in this study. Major advantage of this method is that it only requires 
the area of desired subbasins as input. The order of runoff concentration is also identified for hydrologic 
simulation. 
Only DEM data is available in this study, which is often readily available or easily created. The 
limitation of this program is, however, sensitive to the quality and resolution of the DEM. This program 
was applied for the first time and therefore should be considered as a preliminary attempt, further testing 
and development will be needed in the future. The subsequent development of the preprocessing program 
should put emphasis on the extraction of drainage networks in different kinds of catchments that contains 
large lakes or dams. It will enable the definition of a variable critical contribution drainage area that 
reflects the human's activities in the drainage density. 
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